Abstract-The reliable assessment of the rotor condition in induction motors is a matter of increasing concern in industry. Though rotor damages are more likely in line-started motors operating under high inertias, some cases of broken rotor bars in motors supplied via soft-starters have been also reported in the industry. Motor Current Signature Analysis (MCSA) is the most widely spread approach to diagnose such failures. However, its serious drawbacks in many real industrial applications have encouraged the investigation on alternative methods enhancing the reliability of the diagnosis. This paper extends a recently introduced diagnosis methodology relying on the start-up current analysis to the case of soft-starter-operated motors. The approach has proven to provide very satisfactory results, even in cases where the classical MCSA does not lead to correct diagnosis conclusions. However, its extension to operation under soft-starters was still a pending issue. The experimental results shown in this paper ratify the validity of the proposed diagnosis approach in soft-starter-operated induction motors.
INTRODUCTION
Cage induction motors participate in a huge number of industrial processes and applications [1] . Though they are robust machines, their extensive utilization together with the severe repercussions of their eventual failures have justified the effort in the development of reliable techniques able to detect possible faults, when these are still in early stages [2] .
According to several surveys, rotor failures amount for approximately 10% of the faults taking place in these machines [1] . Despite this is not a huge rate, these failures are more likely in large motors with heavy start-ups and operating with high inertias. Under these conditions the heat dissipated in the rotor cage leads to temperature gradients that facilitate the occurrence of the fault [3] . These large motors are, indeed, often the most critical, most expensive and most difficult to repair. These facts, among other, have justified the vast amount of studies devoted to this specific fault.
In the industry, the classical method to assess the rotor condition is based on the application of the classical Motor Current Signature Analysis (MCSA) [1] . MCSA is also the method implemented in the few commercially available induction motor condition monitoring devices. Synthesizing, MCSA relies on evaluating the amplitude of certain frequency components in the FFT spectrum of the steadystate current that are linked to the failure. The most commonly used components for rotor condition assessment are known as 'sideband harmonics' (SHs); they appear at both sides of the fundamental frequency at frequencies given by (1) (Lower Sideband Harmonic (LSH) with negative sign in (1) and Upper Sideband Harmonic (USH) with positive in (1), with f=supply frequency and s=slip) [1] .
(1)
Despite MCSA has important advantages in comparison with other techniques when assessing the rotor condition (simplicity, non-invasive nature, possibility of quantification of the fault severity), it has some important drawbacks that have been recently extensively reported in the literature [4] [5] [6] . The most important constraint is linked to the fact that, due to the inherent nature of the FFT, MCSA application is only strictly suitable for machines operating under pure stationary regimes. However, when this premise is not fulfilled (e.g., applications where the machine load continuously changes (sewage treatment plants, compressors or coal mills in thermal plants…) or variable speed applications (pumps, machine tools, conveyor belts…) [7] ), MCSA may significantly fail.
Other drawbacks related to MCSA application rely on the lack of reliability in certain situations where its application may lead to false diagnostics (either to false positives or false negatives). For instance, the presence of some external phenomena such as load torque oscillations or supply voltage fluctuations [4] [5] or even certain constructive characteristics of the machine (presence of cooling axial ducts, with number of ducts (N d )=number of machine poles (N p )) [8] are likely to introduce components in the FFT spectrum with frequencies that are identical to those of the SHs, a fact that may lead to a false positive diagnostics of the failure. On the other hand, when MCSA is applied to machines under no-load conditions, the SHs may not be discernible, even if the machine is faulty, due to the reduced value of the slip (false negative) [5, 9] . Also, in the event of outer bar breakages in double cage motors MCSA may not show significant increments in the SHs amplitudes, since most of the current is confined in the inner cage in steady-state, a fact that may eventually lead to false negative diagnostics of the fault [6, 10] .
To overcome the aforementioned constraints of MCSA, alternative diagnosis methodologies have been developed. Among them, a new trend that has drawn a significant attention is based on extending the analysis to any possible operation regime of the machine (rather than limiting the study to steady-state). The idea is to analyze the corresponding quantity regardless of the operation regime of the machine, including transients. In this context, the analysis of the startup current has been proposed by several authors [5, -14] ; the underlying idea of many start-up-current-based techniques relies on tracking the time-frequency evolutions of fault related components during the startup (unlike the MCSA in which only frequency peaks are identified in the FFT spectrum). These transient evolutions have proven to be linked to the corresponding failure, increasing the reliability of the diagnostic. The problem is that, to obtain such evolutions, advanced signal processing tools able to provide a time-frequency representation of the analyzed signal (star-up current) must be used; These are known as Time-Frequency Decomposition (TFD) tools and there is a wide variety of these tools that can be used [7] . The application of these tools leads to t-f maps where very characteristic patterns created by the evolutions of fault components (when present) can be identified. These patterns are very reliable indicators of the presence of the fault, since it is very unlikely that other phenomena may lead to similar patterns. Moreover, the fault severity can be quantified based on the energy in certain regions of the t-f map [5, 7, 9] .
Among the possible TFD tools that are suitable to analyze the start-up current, the Discrete Wavelet Transform (DWT) has some inherent advantages: its simplicity, its low computational requirements, the easy interpretation of its results and the possibility of introducing fault severity indicators, among other, have motivated its extensive use for transient-based fault diagnosis.
Despite the start-up-current-based methodology has been validated in machines with diverse constructive characteristics and operating under different duty cycles [5, 7, 9] , its validity in soft-starter-operated machines is still a pending issue. It is clear that under soft-starter operation the probability of bar breakage occurrence decreases. However, several cases of rotor bar damages have been reported in industry, mainly in machines that are frequently started or operate under heavy duty cycles. Hence, the study of eventual faults under soft-starter operation is a matter of interest despite the few publications dealing with this topic [15] . This paper extends the proposed transient-based technique to machines operating under such conditions. The DWT is used as TFD tool. The experimental results included in this digest prove the validity of the approach, since the characteristic fault-related patterns clearly appear and, in addition, it is possible to define fault severity indicators relying on the energy of the resulting DWT signals.
II. BACKGROUND

A. DWT
The n-level DWT of a certain sampled signal i(t) performs the decomposition of that signal onto a set of wavelet signals: an approximation signal a n and a set of detail signals d 1 [16] . The idea underlying the decomposition process is the next one: each wavelet signal is associated with a predefined frequency band that depends on the sampling rate f s and on the level of the corresponding wavelet signal. The expressions relating each wavelet signal with its associated frequency band are well-known and are detailed in Table I (an example for a specific f s is also provided in that Table) . To sum up, the DWT performs a band-pass filtering of the signal i(t), each wavelet signal containing the time evolution of all frequencies included within its associated band. 
B. The method
The proposed approach relies on analyzing the start-up current. Unlike what happens in steady-state, where the fault components frequencies are well defined, during the transient, these frequencies change in time, following wellcharacterized evolutions that depend on the fault [5, 9] . As commented, these evolutions lead to very reliable patterns that can be used to diagnose the presence of the corresponding failure. For instance, in the event of broken bars, during a line start-up, as the slip s changes between 1 and near 0, the LSH time-frequency evolution leads to a very characteristic Λ-shaped pattern that can be used to diagnose the failure (see (1)) [5] . This characteristic evolution can be noticed through the oscillations appearing in the DWT signals (that are, indeed, time-frequency representations of the analyzed current). As an example, Fig. 1 (a) and (b) illustrate, respectively, the DWT for a healthy machine and for a machine with two broken rotor bars. The differences are evident, rising, in the latter case, a clear Λ-shaped pattern associated with the breakage. The advantage is that this pattern is very reliable; it appears only when a bar breakage is present, since no other cause (load torque oscillations, cooling ducts…) leads to a similar pattern [5, 9] . On the other hand, the pattern appears regardless of the loading condition of the machine so it also appears in unloaded machines [5] .The detection of the aforementioned qualitative patterns must come together with a quantification of the level of failure in the machine. To this end, several quantification indicators have been proposed in the past that are based on the results of the signal processing tools commented above. One of the proposed indicators, relying on the DWT, is given by (2) . In expression (2), i j is the value of the jth sample of the current signal; d nf+1 (j) is the j element of the detail of order nf+1 (nf=order of the signal containing the fundamental); N s is the number of samples of the signal, until reaching the steady-state regime and N b is the number of samples between the origin of the signals and the extinction of the oscillations due to border effect [9] .
Synthesizing, this indicator relates the energy of the total startup current signal (i) with that of the DWT signal containing most of the fault component evolution (d). In agreement with its definition, the higher the value of the indicator γ DE , the lower the energy of the d signal and, hence, the healthier the machine is. (2)
III. EXPERIMENTS
Several experiments were developed using 1,1 kW induction motors with different levels of failures. The rated characteristics of each of these motors are displayed in Table  II . The motor was coupled to a DC machine acting as a load.
The motor was supplied through a soft-starter in which several parameters could be easily customized by the user: initial value of the applied voltage ramp, duration of the startup or maximum value for the start-up current. The modification of these parameters enables to perform start-ups under different modalities (voltage ramp start-up and/or current limitation).
Several start-ups were carried out under the different softstarter modalities for induction motors with various faulty conditions (healthy, one broken bar and two broken bars). The breakages were artificially forced in the laboratory by drilling a hole in the junction point between the corresponding bar and the short-circuit end-ring. Fig. 2 shows pictures of the whole test-bed used for the experiments as well as of the waveform recorder. In each test, the start-up current waveform was recorded by means of a YOKOGAWA SCOPECORDER DL850. The signals were captured at a sampling rate f s = 5 kHz. Once all the signal were captured, they were transferred to a PC. The DWT was applied to each signal using n=8 decomposition levels and dmeyer as mother wavelet. In agreement with that commented in Section II.A, the approximate frequency bands associated with each wavelet signal are the ones specified in Table III (only the high level signals are displayed there) . Hence, the whole evolution of the fundamental component (50 Hz) should be contained in signal d6, while the LSH should successively evolve through the signals d6-d7-d8-a8, as its frequency decreases first from 50Hz to 0 Hz, and again a8-d8-d7-d6 as its frequency increases towards 50 Hz again, raising the characteristic pattern depicted in Fig. 1(b) . IV.
RESULTS AND DISCUSSION Fig. 3 shows the high level wavelet signals resulting from the application of the DWT to the startup current for the healthy motor started directly on-line (Fig. 3(a) ) and for the healthy motor started with soft-starter (Figs. 3(b) and (c) ). In Fig. 3 (b) , the soft-starter was set up so that a voltage ramp was applied to the motor during the startup (initial voltage= 30% of rated voltage and startup length=7.5s) with the current limiting option not activated. In Fig. 3(c) the motor was started under the same conditions but adding a current limiting condition (maximum current=2'5·rated current). The differences between Figs. 3 and 4 are evident. In Fig.  4 , clear oscillations are observed in the wavelet signals. These oscillations fit the characteristic pattern caused by the timefrequency variation of the LSH during the startup. Moreover, the pattern appears, not only in the case of direct startup (Fig.  4 (a) ), but also for the cases using soft-starter (Fig. 4 (b) and (c)). On the other hand, the pattern is totally absent in the case of healthy machine (Fig. 3) ; it does not appear neither for the direct startup nor for the case of using soft-starter. This fact seems to confirm the validity of the methodology when it is extended for the case of soft-started motors. Computation of severity indicators ratifies this idea. Table IV shows the results of the computation of the fault severity indicator γ DE for the different cases depicted in Figs. 3 and 4. Clear differences are observed in the value of the fault indicator between healthy and faulty conditions for each startup method. Moreover, it is especially remarkable how the indicator remains within a narrow band for a certain faulty condition, regardless of the startup method (direct on-line startup or startup with soft-starter (current limitation and voltage ramp)). In any case, the slight differences detected for different startup methods may be probably caused by the noise introduced by the soft-starter that leads to oscillations in the wavelet signals even in healthy condition (see Fig. 3 (b) and (c)), a fact that reduces the sensitivity of the indicator. 
V. CONCLUSIONS
In this work, a recent bar breakage diagnosis methodology that relies on the analysis of transient quantities by means of advanced time-frequency decomposition tools is validated for the case of motors operating with soft-starters. The work focused on the analysis of the startup current signal by using the Discrete Wavelet Transform and on the further study of the resulting high-level wavelet signals to detect the characteristic pattern created by the evolution of the LSH, when the fault is present. The experimental results included in the paper show how the pattern clearly appears for the faulty machine operated with soft-started, while it is absent in healthy condition. Moreover, computation of a proposed fault severity indicator shows clear differences between its values for faulty and healthy conditions in every startup method. Slight variations between the value of the indicator for different startup methods and same faulty condition may be attributed to the noise introduction by the soft-starter.
